We report experimental results on an insulator-on-metal system which is inherently unstable against lateral pattern formation on the nanometer scale. NaCl deposition on Cu(211) at substrate temperatures .300 K leads to faceting into (311) and (111) facets and selective NaCl growth on (311) facets only, thereby creating alternating stripes of bare Cu and NaCl-covered areas. The mesoscopic restructuring process is brought about by (1) the tendency to form (100)-terminated NaCl layers, (2) epitaxial matching between NaCl(100) and Cu(311), and (3) sufficient mobility of the Cu substrate surface. PACS numbers: 68.35.Bs, 61.14.Hg, 61.16.Ch, Besides its general importance to device miniaturization, the fabrication of nanometer-scale surface structures enables one to alter physical properties of matter by confining electrons to dimensions comparable to their wavelength. Atomic manipulation by scanning tunneling microscopy (STM) [1, 2] at a substrate surface. This concept has been widely used to grow quantum dots and quantum wires of semiconductors and metals. In contrast, nothing is known so far on how lateral structuring of wide-band gap insulators may be achieved by growth-mediated processes. This material class is still a missing link in the attempt to cover the whole range of electronic properties for the fabrication of nm-scale surface structures. In the following, we present for the first time an insulator-on-metal growth system which meets the requirement of self-organized lateral pattern formation: When NaCl is deposited on a Cu(211) host, massive surface faceting occurs resulting in a periodic 1D hill-and-valley structure with NaCl growing selectively on only one of the two facet orientations present. A modulated surface evolves which consists of alternating nanostripes of bare Cu and NaCl-covered areas. Growth temperature control allows one to vary the stripe spacing over 1 order of magnitude from 30 Å to 230 Å. In this way, a surface pattern is formed which is periodic on the length scale relevant for electron confinement. It is shown that the preference to form (100)-terminated layers and the attempt to optimize interfacial lattice matching between the NaCl layer and the Cu template is the energetic driving force for the mesoscopic restructuring process observed here.
Besides its general importance to device miniaturization, the fabrication of nanometer-scale surface structures enables one to alter physical properties of matter by confining electrons to dimensions comparable to their wavelength. Atomic manipulation by scanning tunneling microscopy (STM) [1, 2] offers the unique possibility to built up prototype structures atom by atom. To create large-scale arrays of nanostructures, growth techniques have to be employed which take advantage of selforganized processes induced by anisotropic surface diffusion [3] , strain relaxation [4] , or selective growth due to reconstructions [5] , dislocations [6] , steps [7] or facets [8] at a substrate surface. This concept has been widely used to grow quantum dots and quantum wires of semiconductors and metals. In contrast, nothing is known so far on how lateral structuring of wide-band gap insulators may be achieved by growth-mediated processes. This material class is still a missing link in the attempt to cover the whole range of electronic properties for the fabrication of nm-scale surface structures. In the following, we present for the first time an insulator-on-metal growth system which meets the requirement of self-organized lateral pattern formation: When NaCl is deposited on a Cu(211) host, massive surface faceting occurs resulting in a periodic 1D hill-and-valley structure with NaCl growing selectively on only one of the two facet orientations present. A modulated surface evolves which consists of alternating nanostripes of bare Cu and NaCl-covered areas. Growth temperature control allows one to vary the stripe spacing over 1 order of magnitude from 30 Å to 230 Å. In this way, a surface pattern is formed which is periodic on the length scale relevant for electron confinement. It is shown that the preference to form (100)-terminated layers and the attempt to optimize interfacial lattice matching between the NaCl layer and the Cu template is the energetic driving force for the mesoscopic restructuring process observed here.
The present results are based on structural investigations with high-resolution LEED (SPALEED) and STM. A Cu(211) crystal was cleaned in UHV by alternate Ne 1 sputtering and annealing at 750 K. After repeated preparation cycles a sharp ͑1 3 1͒ LEED pattern indicated a well-ordered Cu(211) surface with a defect-free length of ϳ500 Å as deduced from the measured half-width of the specular LEED beam. At this stage no residual contamination was detectable by x-ray photoelectron spectroscopy (XPS). NaCl (99.95% purity) was evaporated from a Al 2 O 3 crucible at 2 monolayer͞min (ML͞min) [9] and growth temperatures of 300-600 K. It was confirmed by XPS that stoichiometry of the NaCl deposit is preserved over the entire temperature and coverage range investigated.
Cu (211) is a vicinal surface with (111) terraces separated by intrinsic (100) single steps along the ͓011͔ direction. The resulting surface geometry is shown in the lower part of the top view scheme in Fig. 1 (nonequivalent substrate atoms are numbered): The surface symmetry is described by a primitive rectangular unit cell and the intrinsic step separation measures 6.25 Å. In STM images these intrinsic steps show up as a clear surface corrugation [2] . This starting surface drastically restructures upon NaCl submonolayer deposition if the growth temperature exceeds ϳ300 K. The temperature onset of the restructuring process is in the range in which our STM observations of bare Cu(211) indicate emerging kink site mobility. In detail, the initially flat substrate is transformed into a ridgelike surface topography whose ridges are aligned with the (100) step direction. The resulting facet structure can be analyzed by LEED if one maps a vertical cut of reciprocal space with contains the scattering vector component K Ќ normal to the macroscopic surface and the parallel component K k along ͓11 1͔ (i.e., perpendicular to the intrinsic steps). Figure 2 shows a gray scale graph of the LEED intensity I͑K Ќ , K k ͒ for 0.6 ML NaCl deposited at 490 K. The ͑10͒, (00), and (10) lattice rod positions of the Cu(211) substrate are marked by vertical lines together with the respective (533), (422), and (733) Bragg points. The substrate lattice rod spacing corresponds to the reciprocal spacing of intrinsic steps and equals 1.005 Å 21 (note that the K Ќ axis is scaled by a factor of 0.5 with respect to the K k axis). As evident, the diffracted intensity is confined to two separate sets of 0031-9007͞00͞84(1)͞123 (4) inclined facet rods which intersect at the Bragg points and run along the (311) and (111) direction, respectively. In contrast, the intensity is extinguished along the substrate rod positions indicating completion of the faceting process at this coverage. The (311) rods are straight and remain sharp irrespective of the scattering condition, indicating a high degree of long-range order and flatness of the (311) facets. The (111) rod in Fig. 2 , on the other hand, is split up into discrete segments tilted towards the macroscopic surface normal direction. This indicates vicinal misorientation [10] of the (111) of the specular LEED beam close to the Bragg condition, whose corresponding length 2p͞DK k in real space is associated with the mean separation of equivalent facets ͗L͘. The spatial periodicity of the facet array thus gives rise to a momentum transfer DK k which can be extracted from the LEED beam profile. For the present facet structure, we indeed observe sharp and pronounced satellites of the specular beam close to the Bragg condition, revealing a continuous increase of ͗L͘ with growth temperature ranging from ϳ30 Å at 300 K to ϳ230 Å at 600 K. It is thus possible to adjust the mean lateral ridge distance by growth temperature.
The driving force of the restructuring process is manifested in the crystallographic relationship between the NaCl layer and the Cu template: NaCl grows selectively on the (311) facets and forms an epitaxial singledomain layer with (100) termination [12] . Figure 3 shows a LEED pattern for 0.6 ML coverage taken along the [311] direction, i.e., the (00) spot in the center of the pattern corresponds to the specular beam of the (311) facets. Apart from the integral-order spots of the Cu(311) plane (cf. rhombic unit cell, full line) a coincident superstructure with a distorted cubic unit cell (dashed line) is observed. The labeling of superstructure spots (broken indices in Fig. 3 ) refers to the ͑1 3 1͒ symmetry of Cu(311). In real space the observed superstructure corresponds to a distorted simple cubic NaCl cell; see dashed The perfect 2D growth inferred from the flatness of the NaCl-covered facets indicates that the present epitaxial orientation is energetically highly favorable, i.e., the interfacial energy between the NaCl(100) overlayer and the Cu template is minimized for (311) substrate orientation. Obviously, this energetic preference is the driving force of the restructuring process observed here. It competes with two diffusion limited processes, namely, the surface Enlarged area scan ͑400 Å 3 400 Å͒ at 0.1 ML coverage showing two NaCl-covered (311) facets uniform in width and preferably growing along the intrinsic step direction. (c) STM image ͑800 Å 3 800 Å͒ after completion of the faceting process at 0.6 ML coverage showing the spatial anisotropy and the regularity of the resulting surface topography. All images relate to 370 K growth temperature and tunneling parameters of ϳ100 pA and 21 V sample bias. migration of NaCl and the mobility of the substrate surface itself. We now address potential mechanisms which cause the anisotropic growth behavior deduced from the elongated facet shape in Fig. 4(b) . First of all, the Cu adatom mobility is expected to be anisotropic in character owing to the uniaxial surface symmetry. Since selfdiffusion studies for Cu(211) are not available to date, we refer to effective medium theory calculations of sur-face defects on Cu(111) [13] to derive a rough estimate: According to Ref. [13] the activation energy for adatom diffusion along and across ͗011͘ steps amounts to 0.228 and 0.365 eV, respectively. In the relevant temperature range of 300-600 K the hopping rate along steps is thus 10 2 10 1 times larger compared to the hopping rate across steps (assuming comparable prefactors [14] ). This leads to mass transport preferably along the step edge direction. A further argument for anisotropic growth follows from the balance between the energetic constraint to form (311) facets and the kinetic limitation of Cu mass transport required. To show this, one has to consider the total volume of a ridge built up by an ascending (311) facet and a descending (111) facet (cf. Fig. 1 ). The (311) facet length along the atom row direction of the Cu(311) plane enters linearly into the ridge volume. The facet width perpendicular to the rows, on the other hand, yields a quadratic contribution since it increases both the total width and the height of the ridge. Elongation along the row direction thus minimizes the material transport required to create (311) facets, inducing the ridges to grow preferably along the direction of intrinsic (100) steps. With increasing coverage the unidirectional ridge growth proceeds until the whole surface is transformed into a coherent array of (311) and vicinal (111) facets. We observe completion of the faceting process after depositing ϳ0.6 ML NaCl. This critical coverage is consistent with the relative surface area occupied by (311) facets amounting to a value of 0.58 if one takes into account the 13.8
± inclination of the vicinal (111) facets at this final stage. The remaining misorientation of the (111) facets corroborates the fact that the final surface topography is not a pure equilibrium structure, instead, it is reached via a diffusion limited approach towards equilibrium. Figure 4(c) shows the resulting surface structure after depositing 0.6 ML at 370 K. The mean lateral ridge distance extracted from the STM data is ͗L͘ 110 Å at this growth temperature (in agreement with the LEED analysis). Large area STM scans reveal a mean (311) facet length along the intrinsic step direction in the range of typically 1 mm. Hence, one finally ends up with a surface which is modulated with respect to both topography and chemical composition.
In summarizing, we emphasize that the self-organized pattern formation observed here is remarkable for several reasons. First, it is connected with dramatic surface restructuring induced by the NaCl deposit. This is in sharp contrast to the general growth behavior of alkali halides on close-packed metal surfaces known to date: Growth studies on Al(100), Al(111) [15] , and Cu(111) [16] suggest an inert overlayer that moderately interacts with the metal substrate. In the present case we find an exorbitantly strong energetic preference for epitaxial matching between (100)-terminated NaCl and Cu(311). Consistently, supplementary experiments show that perfectly flat NaCl layers with defect-free domain sizes in the mm range can be grown on a Cu(311) crystal. The central finding of the present work, however, is that this energetic preference plays the key role in the observed restructuring process of the Cu(211) surface: It drives the formation of (311) facets which are selectively overgrown by (100)-terminated NaCl and thus creates a regularly patterned surface. Such a prestructured template with alternating insulator stripes and bare metal areas is a prerequisite substrate for lateral structuring of subsequently deposited material by selective decoration. This concept has been proposed previously by other authors [17] as a potential method to fabricate, e.g., magnetic nanostructures. It is suggested that the basic ingredients of the patterning process, namely, the interplay between substrate mobility and energetic constraints due to interfacial matching, are of general applicability also to the surface structuring of other insulator-on-metal combinations.
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